We present the synthesis and structural characterization of novel ruthenium complexes containing C^C* cyclometalated N-hetero- Over the last few years ruthenium complexes, especially with strong electron-donating ligands like N-heterocyclic carbenes (NHC) and/or cyclometalating moieties, have gained widespread interest for their diverse catalytic activity, e.g. in transfer hydrogenation 1 metathesis, 2 and water oxidation. Especially NHC complexes allow for a wide range of steric and electronic control at the metal center and are more stable than other widely used neutral donors like phosphine ligands.
We present the synthesis and structural characterization of novel ruthenium complexes containing C^C* cyclometalated N-heterocyclic carbene ligands, η 6 -arene ( p-cymene) ligands and one bridging chlorine ion. Complexes of the general formula [Ru(p-cymene) (C^C*)Cl] were prepared via a one-pot synthesis using in situ transmetalation from the correspondent silver NHC complexes. These complexes react with sodium tetrakis [3,5-bis-(trifluoromethyl) phenyl]borate (NaBAr Over the last few years ruthenium complexes, especially with strong electron-donating ligands like N-heterocyclic carbenes (NHC) and/or cyclometalating moieties, have gained widespread interest for their diverse catalytic activity, e.g. in transfer hydrogenation 1 metathesis, 2 and water oxidation. Especially NHC complexes allow for a wide range of steric and electronic control at the metal center and are more stable than other widely used neutral donors like phosphine ligands. 1a,4 Cyclometalated Ru(II) complexes have also become more and more interesting as sensitizers in dye-sensitized solar cells.
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Here the cyclometalating ligands have several advantages such as raising the HOMO/LUMO levels for more efficient electron transport into the TiO 2 substrate as well as from the redox pair responsible for the regeneration of the dye. The chelating effect also increases their long term stability compared to complexes with monodentate thiocyanate ligands. Moreover, in the last few years ruthenium arene complexes with either cyclometalating or NHC ligands were used in cytotoxicity and anticancer studies.
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Since our group has a long-standing interest in alkyl-arylimidazolium salts 7 To study the reactivity of the [Ru( p-cymene)(C^C*)Cl] complexes, we wanted to remove the chlorine ligand. Reaction with the sodium salt of the bulky non-coordinating anion [BAr 
]
− counter ion. This type of ruthenium dimers with only one bridging ion -to the best of our knowledge -has been described only twice in the literature before. More than 40 years ago Haines et al. reported the synthesis of halogen-bridged ruthenium piano stool complexes with η 6 -benzene and carbon monoxide ligands. 13 And quite recently Oestereich described the formation of a ruthenium dinuclear species bearing a chelating η 6 -arene-sulfur and a phosphine ligand, which was catalytically active in hydrodefluorination, 14 while the groups of Peris and Crabtree reported a dinuclear ruthenium complex with one bridging chlorine ion and an additional bridging bis-NHC ligand. 15 We present the synthetic one-pot route to the [Ru( p-cymene)(C^C*)Cl] complexes depicted in Scheme 1. It starts from a mixture of the widely used [RuCl 2 (η 6 -p-cymene)] 2 precursor and the corresponding 1-alkyl-3-aryl imidazolium iodide in dry dichloromethane. Addition of one equivalent of silver(I) oxide to the stirred suspension at room temperature under inert atmosphere and exclusion of light results in the formation of the desired ruthenium compounds. It should be noted that an isolation of the intermediate Ag(NHC) complexes and subsequent transmetalation was not found to give any improvement in overall yields. The crude product is (with the exception of 1) subjected to column chromatography (SiO 2 , DCM/MeOH 10 : 1; yellow to orange band with R f = 0.90-0.95) and the resulting yellow solid is dissolved in little amounts of THF, filtered over basic alumina, and slowly precipitated with pentane to give analytically pure samples.
The isolated complexes are stable under ambient conditions. However, solutions in wet solvents (especially in slightly acidic ones like chloroform) slowly turn from yellow to green and ultimately to dark blue with complete decomposition of the complexes. These observations are in accordance to those reported by Albrecht et al. 16 for similar dinuclear species.
Yellow-orange crystals of 1 and 2 were obtained by slow diffusion of pentane into a solution of the complex in a mixture of dichloromethane/diethyl ether. Their structures are shown in Fig. 1 and 2 , crystallographic details can be found in the ESI (Tables S1 and S2 †). The complexes show the typical "piano-stool" geometry with a pseudo-tetrahedral coordination sphere at the ruthenium center. The bite angle is significantly smaller than 90°(approx. 77°) resulting in a "yaw"-distortion 17 at the carbene of 9.1°for 1 and 9.8°for 2.
Comparison of Ru-C bond lengths shows a slightly shorter distance to the carbene carbon atom than to the (anionic) phenyl carbon atom due to π-back donation. All these structural findings are in good agreement with previously reported similar complexes. 11, 16, 18 The synthesis of the corresponding dimers (see Scheme 2) is again carried out in dry dichloromethane at room temperature using a slight excess (relative to 0.5 equivalents) of the BAr F 4 salt. Using 1 or 1.1 equivalents of the sodium salt gives the exact same complexes and still doesn't lead to the formation of the cationic ruthenium complexes. Prolonging the reaction time however causes slow decomposition of the complexes, which can be clearly observed by a darkening of the reaction mixture.
The obtained complexes are readily soluble in diethyl ether, from which they can be crystallized by slow addition of pentane. Purification can be achieved by filtering the ether solutions consecutively through small pads of Celite and basic alumina. The dimers are air stable as solids, but solutions in solvents like chloroform, ethanol, and acetone turn blue quite rapidly. We confirmed the structure of the synthesized Scheme 1 Synthetic route to cyclometalated Ru NHC complexes via transmetalation from silver carbene complexes; numbers correspond to NMR assignments. dinuclear compounds by 2D-NMR experiments, elemental analyses as well as solid state structure determination. NMR spectra of 5 and 6 (recorded in deuterated benzene) show that the signals for the C^C* ligand(s) don't shift significantly (<0.5 ppm) in comparison to the respective monomers. However, the signals for the aromatic protons of the p-cymene ring show a different pattern compared to the monomeric complexes. Two of the signals (two adjacent protons on "one side") are shifted upfield by almost 2 ppm. This is evidence for their strong electronic shielding (in the "inner part" of the dinuclear complex) and clearly indicates that the dimers are also stable in solution. Complex 7 is barely soluble in benzene and we therefore measured the NMR spectra in deuterated acetonitrile. Interestingly, in this (coordinating) solvent different signal patterns are observed for the two metal centers (see ESI † for details), which is an indication of a slightly different arrangement of the η 6 ligand. This effect can also be observed when dissolving complexes 5 or 6 in acetonitrile, but these solutions quite rapidly turn blue, showing decomposition. The solid state structure of complex 6 (see Fig. 3 , crystallographic details given in the ESI, Table S3 †) shows that the geometry around both ruthenium centers is generally retained in regard to the monomeric structures. The complex still consists of two piano-stool "hemispheres" sharing the central chlorine ion. Bond distances and angles differ only slightly from the monomeric complexes. The bridging angle between both ruthenium atoms and the chlorine ion is very similar to the one reported by Peris (126.43(4)°) 15 and significantly larger than the bridging angles in the [RuCl 2 (η 6 -p-cymene)] 2 dimer, which are approx. 97-98°. 19 One of the most interesting features about these dinuclear compounds is the opposing direction of the ligands around the two metal centers. In this way they can arrange in a sterically much more favorable position than with adjacent η 6 -arene ligands. Moreover, this leads to an almost ball-like geometry of the complex, which together with the perfectly spherical [BAr F 4 ] anions provides a good means for optimal packing in the crystal (see ESI, Fig. S1 †) .
In conclusion we prepared cyclometalated ruthenium NHC complexes via a one-pot transmetalation route. The [Ru( p-cymene)(C^C*)Cl] complexes are generally obtained in moderate to good yields and can be stored under ambient conditions.
Abstraction of the halide ligand proved to be difficult and several synthetic strategies were not successful. However, the reaction of these complexes with sodium tetrakis [3,5-bis(trifluoromethyl) phenyl]borate lead to the formation of a novel class of ruthenium(II) dimers bridged only by a single chlorine ion. Their molecular structure, which was unambiguously confirmed by several analytical methods, shows a distorted pseudo-tetrahedral geometry around the ruthenium centers and weak CH-π interactions between the aromatic protons of the cymene ligand and the cyclometalated ring on the opposite ruthenium center.
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